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Several enzymes have been recorded from holothurian digestive tracts and in
extracts of the gut wall.  Oomen (1926) demonstrated a protease, amylase, maltase
and a weak lipase in Holothuria, and Van der Heyde (1922) reported protease,
invertase and lipase, but no amylase in T/livone. The digestive fluid and extracts
of the gut wall of Cawdina chilensis were found by Sawano (1928) to contain lipase,
maltase, invertase, glycogenase and a protease resembling trypsin.  Choe (1962)
detected amylase. cellulase, pectinase and dipeptidase in gut extracts of both the
green and red varieties of Stichopus japonicus. He also demonstrated small
amounts of lipolytic enzyme capable of digesting simple ester, glyceride and
higher fatty acid. It is now generally accepted that holothurians have abundant
carbohydrate-splitting enzymes and a proteolytic enzyme similar to trypsin.  Al-
though Chioe (1962) has given details of the amount of enzyme activity recorded
from the different parts of the intestine of Stichopus japonicus, there is little infor-
mation available concerning the distribution of digestive enzymes in holothurians.
In the present study, extracts of the different gut regions of Cucimaria were tested
for proteases, carbohydrases and lipases, so as to determine the distribution of
enzymes as well as the enzyme complement.

[t 1s interesting to note that Pequignat (1966) has recently demounstrated *‘skin
digestion” in echinoids. He has shown that the mucous coating of the body surface
1s capable of digesting a wide range of tood materials.  He observed spherule coeto-
mocytes “creeping’ out to the external mucous coating where they eventually dis-
integrated “while probably releasing digestive enzymes.” Although Pequignat has
not stndied holothurians, he claims that it is unlikely that they should behave any
differently. However, in terms of overall nutritional requirements it is unlikely
that “skin digestion” can be of serious significance to animals with well developed
digestive tracts.

[ am grateful to Dr. |. B. Buchanan for advice and encouragement. The work
was supported by a research studentship from the Department of Scientific and
Industrial Research.

MATERTALS AND METHODS

Specimens of Cucuimaria were collected off the Northumberland coast during
July and August, 1960, and the enzyme extract was prepared on the day of capture.

1 Present address: Department of Zoology, University College of Wales, Aberystwyth,
Wales.
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Preparation of ensyuie extract

Extracts were prepared of the esophagus, stomach, constriction. intestine | and
intestine 11.  Details of gut nomenclature are given hy Fish (1967).

The different regious of the gut were carefully dissected from a number of
animals and placed in separate containers. After removal of the gut contents the
material was quickly rinsed and then blotted dry. The gut material was weighed
and added to twice its own weight of glycerol and homogenized for 10 minutes in
an M.S.E. homogenizer. The volume obtained was diluted with an equal volume
of filtered sea water and centrifuged for 15 minutes. The supernatant was col-
lected and sea water of an equal volume to this supernatant was added (o (/e residue
which, after mixing, was centrifuged for a further 15 minutes. The second super-
natant was added to the first to give the final enzyme extract which was filtered
through a Whatman No. 4 paper. Toluene was added to prevent putrefaction.
Incubation with substrate solutions was started on the day following preparation,
the extracts being stored overnight at 4° C.

Estimation of proteases

Proteolvtic enzymes were estimated using the formol titration method of
Sgrensen, as described by Davis and Smith (1955). For speed and convenience
titration by indicator was preferred to the potentiometric titration recommended
by Dunn and Loshakoff (1936). One-tenth per cent phenolphthalein in absolute
alcohol was used as the indicator, and the enzvme-substrate mixture was titrated
against approximately 0.3 N NaOIFl. For all titrations an “Alga” micrometer
syringe was used instead of a hurette. The volume of alkali delivered was accurate
to 0.001 ml. The results are expressed as the amount of hydrolyvsis per hour per
ml. of enzyme extract by using arbitrary units, i.e., 0.01 ml. of 0.3 N NaOH = 10
units of hydrolysis.

The enzyvmes studied, together with the respective substrate solutions. were as
follows :

Enzyme system Substrate (19, aqueous solution)
Trypsin a Benzoyl-L-arginine, ethyl ester
Aminotripeptidase Triglycine
Glycevlglyeine dipeptidase Glyeylglycine
Leucine aminopeptidase [.-Leucyl-glycylglycine
Carboxypolypeptidase Chloracetyl-L-tyrosine

Estimation of carbolivdrases

Amylase, invertase and maltase were estimated by using starch, sucrose and
maltose solutions as the respective substrates.

One ml. of gut extract plus 2 ml. of substrate solution were incubated for 12
hours at 20° C. Quantitative estimations were carried out by volumetric estimation
of the cuprous oxide which was formed on reduction of a cupric salt by the products
of enzyme hvdrolysis.  The method emploved was that of Bertrand, described by
Plimmer (1920) with the following modifications.

Instead of boiling the reagent-sugar mixture over a bunsen flame for three
minutes the mixture was heated in a boiling water bath for 15 minutes. It was
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cooled and centrifuged at 3500 r.p.m. for 15 minutes, and the supernatant carefully
decanted, leaving a deposit of cuprous oxide. Centrifugation is quicker aund less
tedious than removing the precipitate by filtration through a special ashestos filter
as described m the original method. 1t was found necessary to avoid transference
of the solution from one tube to another hecause the cuprous oxide hecomes
adsorbed onto the walls of the tube as it is being precipitated. Transferance of the
solution was found to result in a considerable loss of cuprous oxide. Consequently,
the whole procedure, from incubation to titration, was carried out in the same tube.
As a coutrol experiment 2 ml. of substrate solution were incubated without gut
extract and treated as described above, so as to account for any hydrolysis of the
substrate not due to enzyme action.

The modified Bertrand method is satisfactory when dealing with the quantitative
estimation of amylase, and invertase, as the substrate solutions used are not reducing
sugars. However, as the method depends upon the reduction of alkaline cupric
sulfate by the products of enzyme hydrolysis—reducing sugars—it is useless when
testing for maltase, as the substrate used, maltose, is itself a reducing sugar. To
overcome this, 10 ml. of cupric acetate solution (Barfoed's reagent) were used in
place of alkaline cupric sulfate. Glucose, the product of enzyme hydrolysis,
reduces Barfoed's reagent, giving a precipitate of red cuprous oxide, whereas it is
unaffected by maltose.

Titration values were converted to mg. of glucose liberated hy enzyme hydrolysis
by reference to calibration curves obtained with glucose under conditions stated
above. Although ivertase on hydrolysis yields molecules of fructose as well as
molecules of glucose, the reducing power of fructose is so sinilar to that of glucose
(Plimmer, 1920), that for the purpose of constructing the calibration curves, the
products of enzyme hydrolysis were regarded as molecules of glucose. Results are
expressed as mg. of glucose liherated per hour per ml. of enzyme extract.

Qualitative estimation of carbohydrases

The extract used in the qualitative estimation of carbohydrases was prepared
by the technique described alove, using the complete gut from several animals. In
cach test 1 ml of extract was incubated at 20° C. for 12 hours with 2 ml. of the
respective substrate solution. Tests were made for amylase, invertase, maltase,
lactase, glycogenase and cellulase.

Supplies of Laminarin and TFucoidin, substrates for cellulase activity, were
obtained in the soluble powder form from the Seaweed Research Institute, Inveresk,
Midlothian, Scotland.

Estimation of esterase and lipase

Esterase and lipase were estimated quantitatively by using the method of
Nachlas and Seligman (1949). Beta-naphthyl esters were used as substrates.
Broadly speaking, the esters of short-chain fatty acids (C,-C,) are split hy
esterases, and the long-chain esters (Cg-upwards) by lipases, yet according to
Nachlas and Seligman (1949), there is a considerable degree of overlapping in
enzymatic hydrolysis by these two enzyvmes. Enzymes splitting the substrate beta-
naphthyl acetate (C,) are here regarded as esterases, those splitting beta-naphthyl
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Ficure 1. Enzyme activity recorded from the different regions of the gut. A, proteases; B, car-
bohydrases ; O, esophagus; S, stomach; C, constriction; I, intestine I; IT intestine I
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TasLe |

Aetivity of proteolytic enzymes from the different gut regions

Amino- Amino- Carboxy-

tripeptidase peptidase Dipeptidase polypeptidase Irypsin
Esophagus | 2.2 £ 0.9 ‘ 1.+ + 0.4 s 2e A il 2 0§ 1.8 25 0.2
Stomach 2.6 + 1.4 1.4 1.0 6.6+ 1.7 | 14204 1.2 £ 0.4
Constriction 3.7 1.4 } 24 +1.1 8.0 & 0.7 1.8 £ 0.8 1.6 £ 1.0
Intestine | 8.9 &+ 2.1 3.8 £ 1.3 12.2 £ 2.1 2.0 £ 0.7 3.0 = 1.3
Intestine 11 9.8 & 4.5 5+0.3 14.0 = 2.5 1.1 &= 0.6 2.2 4+£0.8

Activity expressed as units of hydrolysis/ml. of extract/hr. Each value is the mean and
standard deviation of 5 determinations.
laurate (C,,) are described as
stearate (C,.) as lipases.

Jeta-naphthol is liberated by enzymatic hydrolysis and an azo dye is produced
by coupling the free naphthol with a tetrazonium salt. The colored compound was
extracted with ethyvl acetate and measured colorimetrically.  All measurements were
made using the Unicam Spectrophotometer S.P.600 at a wave-length of 540 mp.
The colorimeter readings were converted to mg. of beta-naphthol by reference to a
calibration curve obtained using known quantities of beta-naphthol. The results
are expressed as mg. beta-naphthol liberated per hour per ml of enzyme extract,

‘esterase-lipase” and enzymes splitting beta-naphthyl

ResuLts AND CONCLUSIONS

Results are featured in Tables I-IV, and Figure 1, and indicate the presence
of a variety of digestive enzymes in gut extracts of Cucumaria. An endopeptidase
of a trypsin-like nature and several exopeptidases are present, and although these
were detected in extracts of all gut regions, maximum activity was without exception
recorded from the intestine.  Maltase, amylase, and invertase were readily detected,
each having maximum activity in the constriction, and glycogenase has been de-
tected in extracts of the whole gut. lactase and cellulase have not been detected
in Cucnmaria.  The distribution of amylase is interesting, in that of the enzyues

TABLE [1

Results of the qualitative estimation of carbohydrases

Enzyme ‘ Substrate Reagent employed Result
Amylase | 1¢7 Starch soln. Fehling's soln. ++
Invertase 5. Sucrose soln. Fehling's soln. ++
Maltase 5%, Maltose soln. Barfoed's reagent ++
Lactase 29 Lactose soln. Barfoed’s reagent —
Glycogenase Saturated soln. of Fehling's soln. +

glycogen
Cellulase 19, Laminarin soln.
1¢¢ Fucoidin soln. Fehling’s soln. —
19¢ Sodium alginate
|

+ -+ = Strongly positive; + = positive; — = negative.
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TaBLE 1]

Activity of carbohydrases from the different gut regions
Y 0 ) p 4 £

Maltase | Invertase Amylase
Esophagus ‘ 0.51 & 0.2 | 0.20 &= 0.3 0
Stomach 0.58 £ 0.2 0.17 £ 0.2 0
Constriction 1.38 & 0.3 0.3+ = 0.2 0.49 4+ 0.2
Intestine 1 ‘ 1.07 £ 0.2 0.25 + 0.3 0.26 £ 0.2
Intestine 11 0.66 4 0.2 0.16 £ 0.1 0

Activity expressed as mg. reducing sugar/ml. of extract/hour. Each value is the mean and
standard deviation of 5§ determinations.

studied, it is the only one which is not found throughout the gut. Choe (1962)
detected amylase in the first and second small intestines and the anterior and
posterior parts of the large intestine of Stichopus japonicus.

A strong esterase activity and a weaker “esterase-lipase” have been detected
with practically uniform distribution throughout the gut. The ability of the extracts
to hydrolyze beta-naphthyl stearate was so poor that the results are not given. It
is unlikely that the amount of enzvme activity recorded is within the limits of
accuracy of the method. Oomen (1926), using amyl-acetate and ethyl hutyrate
esters as substrates, and Sawano (1928) using olive oil, hoth recorded a weak lipase
in Holothuria and Caundina, respectively. It is unfortunate that there is a consider-
able degree of overlapping in enzvmatic hydrolysis by esterases and lipases even
when using purified beta-naphthyl esters as substrates. However, it can be con-
cluded that gut extracts of Cucumaria hydrolyze short-chain fatty acids (C,), and
intermediate-chain fatty acids (C,.), vet it is doubtful whether they can hydrolyze
long-chain fatty acids (C,, and upwards).

Discussion

Enriques (1902) suggested that digestive enzymes were carried by amoebocytes
from the hemal svstem into the digestive tract. Oomen (1926) and Schreiber
(1930, 1932a, 1932h) found that extracts of the hemal wall contained a protease,
mvertase, amylase and maltase, yet during his experiments Oomen found that
extracts of the stomach wall contained more of these enzymes than did the hemal

TaBLe 1V

Activity of lipolytic enzymes from the different gut regions

Esterase ‘ ‘“Esterase-lipase”’
Esophagus +.02 + 0.4 0.26 £ 0.2
Stomach 3.03 £+ 0.5 0.17 4 0.2
Constriction 3.23 £ 04 0.13 = 0.2
Intestine 1 3.78 4 0.4 0.28 &= 0.3
Intestine 11 3.29 &+ 0.4 0.16 & 0.2

Activity expressed as mg. beta-naphthol/ml. of extract/hour. Each value is the mean and
standard deviation of 5 determinations.
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extract or the digestive fluid.  However, the presence of digestive enzymes in an
extract of the hemal wall was accepted as more or less verification of the hypothesis
of Enriques.  According to Frenzel (1892, @ide Oomen, 1926), the walls of the
rete mirabile are glandular, and their sceretion is taken up by the amocboeytes and
transported ziq the hemal systemn to the gut. The amochocytes pass through the gut
wall and between the epithehal cells into the gut lumen where they burst to release
their contents.  Although Hamann (1833) demonstrated gland cells in the stomachs
of Holothuria and Leplosynapta, there are no records relating to the possible secre-
tion of digestive enzyvmes by cells surrounding the lumen of the gut. The work of
carlier authors appears to have been accepted without confirmation by detailed
histochemical and physiological studies.

Studies on the digestive enzyme systems i Cucumaria have shown that amylase
is present only in extracts of the constriction and intestine I, with a peak density
in the constriction.  Maltase and invertase are present in all gut regions, hut there
is always an obvious density peak in the constriction. Proteolytic enzymes show
their greatest activity in the intestine.  In Cucimaria there is no rete mirabile, and
all parts of the hemal system have the same histological structure (Fish, 1967).
If the supply of digestive enzymes 1s dependent upon the entry into the gut of
loaded amoebocytes, then this would seem to suggest two hypotheses as regards
the sites of enzyme secretion. [Lither the enzymes are secreted solely from the walls
of the transverse branches, which are the larger channels of the system, or they are
secreted in all parts of the hemal system. If the hrst hypothesis is valid and
amoebacytes carry digestive enzyimes from the transverse branches of the hemal
system into the gut, then to account for the results given above (with particular
reference to amylase), there must be some mechanism which ensures that amoeho-
cytes carrying amylase pass only into the constriction and intestine 1. If the second
hypothesis is true and amoebocytes carry digestive enzyvies from any of the hemal
channels, then to account for the distribution of amylase, the dorsal and/or ventral
hemal sinuses must produce enzymes needed by the particular part of the gut to
which the sinus is attached. H this is the case, then the amoebocytes need only
pass through the adjacent gut wall. It is suggested that neither of these hypotheses
is tenable. The distribution of digestive enzymes can he correlated with the results
of histological and histochemical tests applied to the different gut regions of Cucu-
maria (Fish, 1967). Secretory granules and gland cells have been demonstrated in
the constriction and the intestine, respectively, and it is from extracts of these
regions that the highest degrees of enzvme activity have heen recorded. These
results and observations lead to the conclusion that cells of the lining epithelium of
the gut secrete digestive enzymes.  This does not preclude the possibility that
amoebocvtes carry enzymes. These enzymes may play some part in the nutrition
of the whole animal, or their presence may be attributed to the metabolic require-
ments of the amoebocytes themselves.  Useful information would be gained from a
detailed study of the enzyme histochemistry of the holothurian digestive tract.

SUMMARY

1. Estimations of proteases, carbohydrases, and lipases have Dheen made on
extracts of the different gut regions of Cucimaria elongata.
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2. An endopeptidase of a trypsin-like nature and several exopeptidases have
been detected, all with maximum activity in the intestine.  Cellulase and lactase
have not heen detected, vet maltase and invertase were found in all regions of the
cgut, and showed their maximum activity in the constriction and intestine I.
Amylase was found only in the constriction and intestine I. A strong esterase and
a weaker “esterase-lipase” have been detected with practically uniform distribution
throughout the gut, vet it is doubtful whether a true lipase, hydrolyzing long-chain
fatty acids (C,¢ and upwards), is present.

3. The work of earlier authors dealing with digestive enzymes and the sites of
enzyme production in holothurians has been summarized.  Results of quantitative
estimations of digestive enzymes in Cucumaria, coupled with the results of previous
histological and histochemical studies, lead to the conclusion that digestive enzynies
are secreted by cells bordering the gut lumen.

LITERATURE CITED

AxpERsON, J. M., 1953, Structure and function in the pyloric caeca of Asterias forbesi.  Biol.
Bull., 105: 47-61.

Cnok, S., 1962. Biology of the Japanese common sea-cucumber, Stichopus japonicus Selenka.
IFisheries College, Pusan National University.

Davis, N. C., axp E. L. Sarrta, 1955, Assay of proteolytic enzymes. [u: Methods of Bio-
chemical Analysis. Ed. D. Glick. Vol. 2: 215-257. Interscience Publishers, New York.

Duxx, M. S, axnn A, Losuakorr, 1936, Quantitative investigations of amino-acids and pep-
tides. . Quantitative formol titration by means of the glass electrode. J. Biol. Chem.,
113: 359-369.

Exrigues, P, 1902. Digestione, circolazione, e assorbimento nelle oloturie. Arch. Zool. Ital.,
1: 1-58.

Frsit, J. Do, 1967. The digestive system of the holothurian, Cucumaria clongata. 1. Structure
of the gut and hemal system. Biol. Bull., 132: 337-353.

Haxaxw, O., 1883, Beitriage zur Histologie der Echinodermen. Die Holothurien. Zeitschr.
wiss. Zool., 39: 145-190.

Nacaras, M. M., axp A. M. Secievax, 1949, Evidence for the specificity of esterase and
lipase by the use of three chromogenic substrates. J. Biol. Chem., 181: 343-355.

OovEeN, H. A. P. C., 1926. Verdauungsphysiologische Studien an Holothurien. ZPubbl. Stas.
Zool. Napoli, 7: 215-297.

Pequicxar, E., 1906. ‘Skin digestion’ and epidermal absorption in irregular and regular urchins
and their probable relation to the outflow of spherule coelomocvtes. Nature, 210:
397-399.

Proaiaier, R. H. AL 19200 Practical Organic and Biochemistry (Rev. ed). ILongmans, Green
Co., London.

Sawawno, E., 1928, On the digestive enzymes of Caudina chilensis (J. Muller). Sci. Rep.
Tohoku Univ. (4) Biol., 3: 205-218.

ScureIBEr, B., 1930. Studi sull' assorbimento intestinale nelle oloturie. Pubbl. Staz. Zool.
Napoli, 10: 235-277.

ScHREIBER, B., 1932a. Pigmenti e secrezioni nel sistema digerente nelle oloturie. Pubbl. Staz.
Zool. Napoli, 12: 18-60.

ScHREIEER, B., 1932b. Experimenti per lo studio dell’ assorbimento intestinale nelle oloturie.
Arch. Zool. Ital., 16: 865-870.

Vax per Hevpe, H. C, 1922 On the physiology of digestion, respiration and excretion in
echinoderms. Dissertation, Amsterdan:.



